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Abstract: We report 20 Gb/s binary phase shift keying (BPSK) modulation in a silicon Mach-

Zehnder modulator integrated with a single-drive push-pull electrode. The device is optimized using 

a distributed circuit model. 
OCIS codes (230.3120) Integrated optics devices; (250.3140) Integrated optoelectronic circuits; (250.7360) Waveguide 

modulators 
  

1. Introduction  

High-speed compact silicon modulators are central components in high-capacity optical communications. Recently, 

high-speed silicon modulators have made a significant progress. Silicon modulators based on microrings, microdisks, 

and photonic crystals exhibit the merits of small size, low modulation power, and high modulation speed of up to 50 

Gbit/s [1]. However these resonance structures suffer from severe thermal instability, limiting their practical 

applications. Silicon modulators based on Mach-Zehnder interferometers (MZI), on the other hand, have broad optical 

bandwidth and high tolerance to temperature fluctuations. Modulation speeds up to 50 Gbit/s have also been recently 

demonstrated in MZI modulators (MZMs) integrated with reverse-biased PN junctions [2]. As the modulator 3-dB 

bandwidth is partially limited by the radio-frequency (RF) drive signal attenuation, a higher modulation speed can be 

expected by reducing the loss of the RF transmission line [3].  

In long-haul optical communications, advanced modulation formats are necessary to increase the aggregation  data  

rates  within  the  limited  spectral  bandwidth  of  optical  amplifiers. As the basis for advanced modulation format, 

BPSK modulation based on a silicon MZM has been reported [4]. In their design, separate traveling wave electrodes 

(TWEs) on the two MZI arms are used, requiring differential radio-frequency (RF) signals.  

In this paper, we demonstrate a silicon BPSK modulator using a single-drive MZI structure. The influence of the 

TWE width and the bias voltage on the modulator RF transmission characteristics is analyzed. 20 Gb/s BPSK 

modulation is achieved with an error vector magnitude (EVM) of 13.7. 

2.  Device design and circuit model 

To design a high-speed modulator, we consider the three main factors that affect the modulation bandwidth. First of 

all, the characteristic impedance of the TWE needs to approach 50 Ω in order to avoid RF signal back reflection from 

the ends of the TWE. Second, the RF loss of the TWE should be small, since the electro-optic (EO) 3-dB bandwidth 

is related to the RF 6.4 dB bandwidth [5]. Third, the electrical and optical waves need to be synchronized to give the 

highest modulation efficiency.  

Figure 1(a) shows the schematic structure of our BPSK modulator consisting of an asymmetric MZI integrated 

with a single-drive TWE. Figure 1(b) shows the cross-section of the MZM. The silicon waveguides have a width of 

500 nm and a slab thickness of 60 nm. The MZI arm separation is 120 m. The p and n doping concentrations in PN 

junctions are ~4×1017 cm-3 and ~1×1018 cm-3, respectively. The n+ doping region in the center of the MZI has a 

doping concentration of ~1020 cm-3, connected with a DC bias electrode. The two p+ doping regions at the outer sides 

of MZI have a doping concentration of ~1020 cm-3, connected to the TWE signal (S) and ground (G) metal lines 

separated by 16 μm.  

 

  
Fig. 1 (a) Schematic structure of the BSPK modulator. (b) Cross-section of the single-drive TWE. (c) Microscope image of the modulators. 
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In order to analyze the influence of electrode dimension on the modulator performance, we fabricated three MZMs 

with different electrode widths. Figure 1(c) shows the confocal laser scanning microscope image of our silicon MZMs. 

The G and S metal lines thickness is 1 μm and widths are W=10, 12, 25 μm for the three devices, respectively. 

We use an equivalent distributed circuit model to analyze and optimize the TWE RF transmission performance as 

shown in Fig. 2(a). 𝐶𝐷𝑒𝑝  and 𝑅𝑠 = 𝑅𝑗1 + 𝑅𝑗2 + 𝑅𝑗3 represent the PN junction depletion capacitance and the series 

resistance, respectively. 𝐿𝐸 , 𝐶𝐸  and 𝑅𝐸  represent the unit length inductance, capacitance, and resistance of the metal 

lines, respectively. 𝐶𝑠𝑢𝑏 = 𝜀0𝜀𝑆𝑖𝑂2

𝑊

ℎ
 represent the unit length capacitance between the signal electrode and the silicon 

substrate with 𝜀0 the vacuum permittivity, 𝜀𝑆𝑖𝑂2
 the relative permittivity of SiO2, and h the separation between signal 

electrode and silicon substrate. The circuit model in Fig. 2(b) can be transformed to Fig. 2(c), with the equivalent 

parallel impedance RT and capacitance CT given by    
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According to the classic transmission line theory, the complex propagation constant γ and the characteristic impedance 

Z of the TWE can be expressed as  

                                                                      γ = α + j β                                                                                              (2) 
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 β = ω√𝐿𝐸(𝐶𝐸 + 0.5𝐶𝐷𝑒𝑝 + 𝐶𝑠𝑢𝑏)                            (4) 
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where α and β are the loss coefficient and real propagation constant of the RF signal, respectively.  

 
Fig. 2. (a) Cross-sectional view of the silicon MZM with single-drive push-pull TWE design.  (b) Distributed equivalent circuit model 

of the TWE. (c) Transformed circuit model. 

3.  Experimental results 

Figure 3(a) shows the electro-electro (EE) S21 response of the TWEs measured by the vector network analyzer (VNA). 

The S21 parameter indicates the RF signal transmission loss. Experimental results show that the RF attenuation 

decreases with an increased electrode width W. It is mainly because the electrode resistance 𝑅𝐸 decreases as predicted 

by (3). It should be noted that 𝐶𝑠𝑢𝑏 increases with the increased W, which partially counteract the improvement in RF 

transmission. As  𝐶𝑠𝑢𝑏 is relatively small compared with 𝐶𝐷𝑒𝑝, it has a less significant effect on α. However, its effect 

becomes increasingly evident when the electrode width continues to increase or 𝐶𝐷𝑒𝑝 reduces as can be seen from (3). 

In addition, because the inductance decreases as W increases, the RF propagation constant β reduces according to (4). 

Since the effective refractive index Neff is related with β as N𝑒𝑓𝑓 = β/𝑘0  where 𝑘0  is the free space propagation 

constant, Neff hence also deceases with W, which explains the trend in Fig. 3(b). Figures 3(c) and (d) show the measured 

S21 and Neff under various biases of 𝑉𝑏= -1, -2, -4V. The higher the bias is, the wider the depletion region becomes. It 

consequently leads to a smaller 𝐶𝐷𝑒𝑝 and hence smaller α and β as predicted by (3) and (4). As aforementioned, the 

synchronization of RF and optical signals is an important factor determining the modulation speed, and therefore it is 

important to make Neff approach the optical group refractive index 𝑛0 ≈ 4. Figure 3(d) reveals that the synchronization 

is reached at the high frequency end with Vb = -4V. 
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Fig.3. Measured S21 and Neff of the TWE as a function of RF frequency. In (a) and (b), the bias voltage is fixed at -4V. In (c) and (d), the 

electrode width W is fixed at 25 m. 

Based on the above measurements, we see that W=25 m and Vb = -4V can give the best modulation performance. 

The π-phase shift voltage of the modulator is around -4.5 V, and therefore, Vπ·L is 1.35 V·cm. Using the EE S21 

response, the RF and optical refractive indices, and the TWE characteristic impedance, we can deduce the 3 dB 

bandwidth of the modulator EO S21 response is around 23 GHz at -4 V. Our modulator can generate both on-off keying 

(OOK) and BPSK modulation waveforms by properly setting the operation wavelength. Figure 4(a) shows the 32 Gb/s 

OOK eye diagram with an extinction ratio (ER) of 7.19 dB and a signal-to-noise (SNR) of 7.58 dB. The operation 

wavelength is 1541.2 nm, and the RF drive voltage is Vpp = 5V with a DC bias of Vb = -4V. Figure 4(b) shows the 20 

Gb/s BPSK eye diagram with a Q-factor of 8.636. The operation wavelength is 1539.5 nm, and the RF drive voltage 

is Vpp = 8V with a DC bias of Vb = -4V. Figure 4(c) is the measured constellation diagram of the BPSK signal giving 

an EVM of 13.691. 

 

 
Fig.4. (a) Measured OOK eye diagram at 32Gb/s. (b) Measured BPSK eye diagram at 20Gb/s. (c) Measured BPSK constellation diagram 

at 20Gb/s. 

4.  Conclusion 

We demonstrated a silicon BPSK modulator with an optimized single-drive push-pull TWE. A distributed circuit 

model is used to analyze the TWE. The measured 𝑉𝜋𝐿 is ~1.35 V·cm. 32 Gb/s OOK and 20 Gb/s BPSK modulations 

have been successfully achieved.   
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